Colorectal cancer cell (CRC) fate is governed by an intricate network of signaling pathways, some of which are the direct target of DNA mutations, whereas others are functionally deregulated. As a consequence, cells acquire the ability to grow under nutrients and oxygen shortage conditions. We earlier reported that p38a activity is necessary for proliferation and survival of CRCs in a cell type-specific manner and regardless of their phenotype and genotype. Here, we show that p38a sustains the expression of HIF1a target genes encoding for glycolytic rate-limiting enzymes, and that its inhibition causes a drastic decrease in ATP intracellular levels in CRCs. Prolonged inactivation of p38a triggers AMPK-dependent nuclear localization of FoxO3A and subsequent activation of its target genes, leading to autophagy, cell cycle arrest and cell death. In vivo, pharmacological blockade of p38a inhibits CRC growth in xenografted nude mice and azoxymethane-treated Apc Min mice, achieving both a cytostatic and cytotoxic effect, associated with high nuclear expression of FoxO3A and increased expression of its target genes p21 and PTEN. Hence, inhibition of p38a affects the aerobic glycolytic metabolism specific of cancer cells and might be taken advantage of as a therapeutic strategy targeted against CRCs. Colorectal cancer is the second leading cause of death for tumors in the western world because of a high percentage of metastatic disease, which shows a 5-year survival rate of approximately 10%.
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Colorectal cancer cell (CRC) fate is governed by an intricate network of signaling pathways, some of which are the direct target of DNA mutations, whereas others are functionally deregulated. As a consequence, cells acquire the ability to grow under nutrients and oxygen shortage conditions. We earlier reported that p38a activity is necessary for proliferation and survival of CRCs in a cell type-specific manner and regardless of their phenotype and genotype. Here, we show that p38a sustains the expression of HIF1a target genes encoding for glycolytic rate-limiting enzymes, and that its inhibition causes a drastic decrease in ATP intracellular levels in CRCs. Prolonged inactivation of p38a triggers AMPK-dependent nuclear localization of FoxO3A and subsequent activation of its target genes, leading to autophagy, cell cycle arrest and cell death. In vivo, pharmacological blockade of p38a inhibits CRC growth in xenografted nude mice and azoxymethane-treated Apc Min mice, achieving both a cytostatic and cytotoxic effect, associated with high nuclear expression of FoxO3A and increased expression of its target genes p21 and PTEN. Hence, inhibition of p38a affects the aerobic glycolytic metabolism specific of cancer cells and might be taken advantage of as a therapeutic strategy targeted against CRCs. Colorectal cancer is the second leading cause of death for tumors in the western world because of a high percentage of metastatic disease, which shows a 5-year survival rate of approximately 10%. 1 Recently, the genomic landscape of colorectal cancer has been unveiled, 2 enriching the list of genes mutations of which may be causative of human tumors and revealing that other pathways, such as the PI 3 K/PTEN/Akt and the JNK cascades, are deregulated in colorectal cancer cells (CRCs), besides the well-known Wnt, p53, K-ras, LKB1/AMPK and TGFb. 3, 4 Intriguingly, these pathways not only regulate the proliferation and the survival of CRCs, but also affect their cancer-specific metabolism. Indeed, increased glycolysis, even in the presence of high oxygen tension, is a common feature of tumor cells (the so-called 'Warburg effect'), which produce 50% of their ATP through the glycolytic flux, versus the 10% observed in normal cells. 5 It is worth noting that cancer cells retain their metabolic phenotypes in culture under normoxia, which implies that cancer-specific aerobic glycolysis is constitutively activated through stable genetic or epigenetic mutations. 6 A key mechanism sustaining aerobic glycolysis is the stabilization and activation of the transcription factor HIF1a, which regulates the expression of the glucose transporter GLUT1, of the rate-limiting enzymes HK1/2 and PKM2, and of LDHA, the enzyme responsible for the conversion of pyruvate into lactate. 7 HIF1a strongly links aerobic glycolysis to carcinogenesis, representing one of the crossroads for tumor suppressor and oncogenic pathways. 7, 8 The emerging picture suggests that several pathways involving multiple cross talks regulate tightly linked cellular processes. A paradigm of this view is represented by the p38 pathway, which is involved in proliferation, differentiation, metabolism and cell death. [9] [10] [11] This cascade regulates the activity of several transcription factors in a signal-dependent and tissue-specific manner 12 and cross talks with the JNK, LKB1/AMPK and PI 3 K/Akt pathways. [13] [14] [15] In mammals, four genes encode for different p38 isoforms, p38a, b, g and d. p38a knockout mice die at embryonic stages because insufficient vascularization of the placenta, whereas specific deletion in the whole embryo, but not in the placenta, causes death several days after birth, probably because of lung dysfunction. 16 It is interesting to note that histological analysis of these mice did not reveal alterations in other organs, including the intestine. In CRCs, genetic inactivation of ASK-1, one of the upstream activators of the p38 kinases, exerts anti-tumor effects both in vitro and in vivo by inhibiting the serum-induced phosphorylation of p38, thus causing growth arrest and cell death. 17 Furthermore, the activation of p38 confers transendothelial migration and survival advantages to HT29 CRCs. 18 We recently reported that p38a is required for CRC proliferation and survival, as genetic depletion (by RNAi) or pharmacological blockade (by SB202190) of its kinase activity induce autophagy, growth arrest and cell death in a cell typespecific manner in vitro. 19 In eukaryotic cells, autophagy represents a survival response to metabolic stress; however, under persistent stress conditions it can also result in cell death. Basically, the autophagic flux consists of sequential steps, controlled by the ATG proteins, leading to degradation of cytoplasmic material and recovery of amino acids and fatty acids that sustain cell metabolism. 20 It is noted that inhibition of SB202190-dependent autophagy in CRCs not only fails to increase viability, but even fosters cell death by inducing apoptosis. 19 These results indicate that the autophagic response to p38a blockade initially represents a survival reaction, whereas persistent inactivation of the kinase leads to cell death. Indeed, re-activation of p38a induces a timedependent reduction of autophagic vacuolation with a slow re-entry into the cell cycle. 19, 21 In this study, we aimed to verify whether the effect of p38a blockade on CRC pathophysiology is dependent on deregulation of metabolic cascades. In particular, inhibition of p38a may entail modifications in cancer-specific aerobic glycolysis, which is highly activated in CRCs. 22 To this purpose, we first started to elucidate the molecular scenario imposed by p38a blockade in vitro, then we evaluated the effect of SB202190 on tumor growth in xenografted nude mice and azoxymethane (AOM)-treated Apc Min mice. Our findings indicate that p38a blockade inhibits colorectal cancerogenesis by inducing a transcriptional switch from HIF1a-to FoxOdependent gene expression.
Results
p38a blockade induces FoxO nuclear accumulation, its binding to promoters and the expression of target genes. Our earlier study showed that p38a inhibition in CRCs induces autophagy, cell cycle arrest and cell death accompanied by the upregulation of GABARAP, a member of the ATG family genes, and the downregulation of cyclins A and E. 19 Here, we extend our analysis to relevant genes involved in autophagy, proliferation and survival ( Supplementary Figures 1 and 3) . As HT29 and LS174T CRCs displayed similar cellular responses to SB202190 treatment, we made use of the 'CONFAC' software 23 to score the 3000-bp regions upstream of the transcription start site of genes that were upregulated in both cell lines in the search for transcription factor-binding sequences. The in silico analysis revealed that the promoters of the SB202190 treatment-responsive genes were significantly enriched in the conserved consensus core recognition motif FHRE specific for FoxO proteins, an evolutionarily conserved family of transcription factors involved in proliferation/ arrest, survival/death, metabolism and autophagy. 24 Our subsequent analysis revealed an interesting pattern of upregulated expression for several known FoxO target genes on p38a blockade ( Supplementary Figures 2 and 3 ).
Some of them code for proteins playing a role in cell cycle arrest and cell death (cyclin G2, Rbl2/p130, Gadd45, Bcl-6 and Bim), whereas others code for proteins involved in cell metabolism (PGC1a, PEPCK and UCP2). Besides, some of the genes that were found to be downregulated ( Supplementary Figures 1 and 3) , like the cyclin genes, are reported to be negatively regulated by FoxO. 25 The FoxO family of transcription factors is composed of FoxO1, FoxO3A, FoxO4 and FoxO6, which are emerging as tumor suppressor proteins. 26 FoxO transcription factors are mainly regulated by nuclear/cytoplasmic shuttling dictated by signal-dependent phosphorylation of target residues. As FoxO3A has been shown to bind to the promoters of MAP1LC3, GABARAPL1, ATG12, BNIP3 and BNIP3L, 27, 28 we investigated its role in the SB202190-dependent gene expression reprograming observed in CRCs. Consistently, on pharmacological blockade of p38a or its genetic ablation by specific RNAi, FoxO3A accumulates into the nuclei of HT29 and LS174T cells, as showed by immunofluorescent staining (Figure 1a -c) and immunoblot analysis of cytoplasmic and nuclear fractions (Figure 1d ). Furthermore, FoxO3A specifically binds to the regulatory regions of all the target genes tested by Chromatin Immunoprecipitation (ChIP) (Figure 1e ) and co-localizes with phospho-activated Polymerase II at these sites (Figure 1g ). Re-activation of p38a, 48 h after SB202190 removal, was associated with significant dissociation of FoxO3A from the DNA of target genes (Figure 1e p38a blockade promotes the activation of signaling pathways that favor FoxO nuclear localization and transcriptional activity. FoxO proteins are regulated by phosphorylation-dependent nuclear/cytoplasmic shuttling as a result of the activity of the Akt and JNK kinases, which is evolutionarily conserved from invertebrates to humans. Akt directly phosphorylates FoxO3A at the T32, S253 and S315 residues and targets it to bind to the 14-3-3 nuclear export protein, thus allowing its cytoplasmic accumulation and subsequent degradation. On the other hand, JNK1 phosphorylates the 14-3-3 protein inhibiting its binding to FoxO3A and promoting FoxO3A nuclear localization even in the presence of activated Akt. 24 Immunoblot analysis of SB202190-treated CRCs revealed the time-dependent reduction of S473 Akt phospho-activation together with the enrichment of the PTEN phosphatase (Figure 3a) , a pattern that correlates with the decreased Akt-dependent phosphoinhibition of FoxO3A on the T32 and S253 residues (Figure 3a and data not shown). Conversely, JNK was significantly phospho-activated in both cell lines (Figure 3b) .
Recently, AMPK has been proposed to phosphorylate five FoxO3A serine residues located in the transactivation domain, thus promoting FoxO3A transcriptional activity. 29 To evaluate the involvement of AMPK in FoxO3A-dependent cellular response of SB202190-treated CRCs, we analyzed AMPK phospho-activation in HT29 and LS174T cells, p38a sustains HIF1a protein expression and transcription of HIF1a target genes. Our hypothesis that p38a might be involved in the regulation of essential metabolic cascades in CRCs was supported by the fact that CRCs responded to the inhibition of p38a by inducing autophagy and phospho-activation of AMPK, a kinase activated by decreased ATP/AMP ratio, together with the AMPK-dependent upregulation of FoxO target genes involved in cellular energy production. To test this hypothesis, we evaluated the ATP intracellular levels in SB202190-treated CRCs compared with DMSO control cells. Within the first hours of treatment, p38a blockade caused a rapid decrease in ATP levels, which was then recovered at longer time points (Figure 5a ). The time-dependent reactivation of ATP synthesis correlated to the kinetics of the autophagic vacuolation described, 20 suggesting that induction of the autophagic flux might be one of the mechanisms responsible for buffering the acute energy need in CRCs.
Cancer cells predominantly produce ATP by constitutively activated aerobic glycolysis because of the stabilization and activation of the transcription factor HIF1a, which regulates the expression of genes encoding for glucose transporters and rate-limiting enzymes. 9 Earlier reports indicate that p38a is responsible for the stabilization of HIF1a in hypoxic MEFs and in pancreatic cancer cells. 30, 31 To ascertain whether HIF1a expression is regulated by p38a in CRCs, we measured its protein levels in untreated cells and during SB202190-dependent inhibition of p38a. We found that CRCs display significant levels of HIF1a under normoxia, which decrease in a time-dependent manner along SB202190 treatment (Figure  5b and e) . The expression profile of HIF1a targets showed that a specific subset of genes, including those coding for GLUT1, HK2, PKM2 and LDHA, is significantly downregulated by p38a blockade in CRCs (Figure 5c and d) . Consistently, HK2 protein levels parallel those of HIF1a protein in SB202190-treated HT29 cells (Figure 5e ). These data indicate that p38a is necessary to sustain HIF1a-dependent aerobic glycolysis in CRCs. To elucidate whether transcriptional regulation of these genes is responsible for the rapid decrease of ATP levels, we measured their expression at shorter time points. Intriguingly, the decrease of the mRNA levels of GLUT1 and HK2 was detectable within the first hours of SB202190 treatment, a pattern compatible with the urgent energy need observed in CRCs (Figure 5f ).
SB202190 inhibits colorectal cancer growth in vivo.
To investigate the impact of p38a blockade on colorectal cancer formation in vivo, we injected LS174T cells into each flank of athymic nude mice. Once the tumors reached a measurable volume, we continuously inhibited p38a by daily intraperitoneal (i.p.) injection of SB202190. We used three different concentrations of SB202190 -0.01, 0.05 and 0.1 mmol/kg body weight, or the corresponding DMSO amount as a vehicle control -to perform a dose-curve evaluation. We found that SB202190 treatment inhibits tumor growth in nude mice in a dose-dependent manner, with 0.05 mmol/kg body weight being the concentration with the best dose/effect ratio, capable of inducing a 50% reduction in tumor volume (Figure 6a) . This concentration was then used in mice injected with HT29 cells. Significantly, HT29-derived tumors showed a 62% decrease in volume (Figure 6b) .
The histopathological analysis of LS174T-and HT29-derived colorectal tumor specimens revealed central areas of necrosis with neutrophilic and lymphoid infiltrates that were significantly detectable in all tumors treated with SB202190 0.05 mmol/kg body weight (Figure 6c and d) . Necroinflammatory areas were sometimes delimited by fibroblastic and vessel proliferation representing reparative tissue replacing neoplastic cells. No considerable neoplastic regression was present in untreated CRC-derived tumors, and apoptotic nuclear debris were comparable between treated and untreated cancer tissues. It is interesting to note that more than 80% of untreated tumor cells displayed nuclear anti-Ki67 positivity, a marker of the proliferation index, whereas this percentage significantly declined below 50% in tumors treated with SB202190 0.05 mmol/kg body weight (Figure 6c and d) . Moreover, p38a blockade induced FoxO3A nuclear accumulation in cancer cells, revealing the activation of the transcription factor in SB202190-treated CRCs both cultured in vitro and injected in nude mice (Figure 6e ). The analysis of LS174T-derived tumors treated with SB202190 0.01 mmol/kg body weight revealed that lower doses of SB202190 were also able to produce an increase in areas of central necrosis, although to a lesser extent (Supplementary Figure 4) . Fascinatingly, 40% of tumors treated with 0.1 mmol/kg body weight displayed only few sporadic foci of cancer cells straggled in between inflammatory cells and tissue debris (Supplementary Figure 4) . These findings show that SB202190 exerts both a cytostatic and cytotoxic effect in vivo, reminiscent of the induction of growth arrest and cell death described in vitro, and encouraged us to test this inhibitor in a mouse colorectal cancer model. To this purpose, we made use of Apc Min mice treated with AOM, a colon-selective carcinogen. 32, 33 These mice carry a heterozygous mutation of the APC gene and resemble human familial adenomatous polyposis patients because of their inherited predisposition to form multiple tumors in the intestinal tract. However, they differ from humans in terms of cancer distribution and histology, thus making the use of AOM necessary to induce a robust tumor response in the large bowel. 34 Thus, 4-month-old Apc Min mice were first administered with AOM once a week for 4 weeks, then, 1 month later, they were subjected to daily i.p. injections of SB202190 0.05 mmol/kg body weight or DMSO. At day 14 of treatment, macroscopic examination of the bowel clearly showed a significant reduction in tumor size in both the small intestine and the colon of SB202190-treated Apc Min mice compared with controls (Figure 7a and b) . Overall, the analysis of hematoxylin and eosin stained sections revealed the presence of several adenomatous polyps variably pedunculated in DMSO-treated Apc Min mice (Figure 7c and d) . Most of the adenomatous glands were irregular and displayed stratified pencil-shaped nuclei of various size, with glandular cells showing mucus depletion. Sometimes, carcinomatous transformation was detected (Figure 7d ). The stalk consisted of normal mucosa, including muscolaris mucosae, submucosal tissue and a characteristic microvasculature with elongated and dilated vessels. In contrast, the intestinal polyps detected in SB202190-treated Apc Min mice were not pedunculated and displayed scattered adenomatous glands. Moreover, elevated expression of the cell proliferation marker PCNA was restricted to few glands, emphasizing a limited adenomatous component compared with DMSO-treated Apc Min mice (Figure 7e) . Also, the lamina propria observed in SB202190-treated Apc Min mice contained focally abundant inflammatory cells, probably replacing adenomatous glands (Figure 7d ). Malignant transformation was never identified. In agreement with the molecular features detected on p38a inhibition in CRCs in vitro and in vivo, FoxO3A was highly expressed into the nuclei of tumor cells in SB202190-treated Apc Min mice ( Figure 7e ) and its nuclear accumulation correlated with increased expression of its target genes p21 and PTEN (Figure 7e ). These results provide evidence that the cytotoxic and cytostatic effects produced by SB202190 treatment in vivo are mediated by the induction of FoxO-dependent transcription.
Discussion
The efficacy of current cancer therapies rely essentially on its DNA damaging ability, which is expected to promote Inhibition of colorectal cancer growth in vivo by p38a blockade F Chiacchiera et al apoptosis. However, DNA mutations involving apoptotic and/or anti-apoptotic genes cause the acquisition of drug resistance in CRCs. 12 Hence, other types of cell death might prove more effective therapeutic targets for colorectal tumors. Recent observations indicate that some types of cancer cells display features of non-apoptotic cell death, defined as autophagic cell death, in response to chemotherapy or radiation. These findings suggest that pharmacological manipulation of autophagy might represent a promising tool in cancer treatment. Still, the role of autophagy in cancer biology and therapy is quite controversial, as other observations indicate that solid tumors, defective in apoptosis, rely on autophagy to survive under metabolic stress conditions. 35 This study shows that on p38a inhibition CRCs activate autophagy to survive metabolic stress, but persistent stress conditions trigger cell death. Indeed, p38a blockade causes a significant decrease in the intracellular levels of ATP, which correlates with the impaired expression of rate-limiting enzymes involved in aerobic glycolysis, the most important source of energy for these cells. This failure is associated with a time-dependent reduction of HIF1a protein levels and the consequent significant decrease in HIF1a target gene and LDHA are rapidly downregulated and maintained at decreased expression levels for longer time points. It is worth noting that knockdown of LDHA has been proven to severely diminish tumorigenicity of cancer cells in mice. 36 The resulting acute energy need is first buffered by the induction of autophagy, which is sustained by a robust transcriptional response of the ATG genes largely dependent on the transcription factor FoxO3A. The induction of FoxO target genes involved in metabolism -PGC1a, PEPCK, UCP2 -suggests that, in response to p38a inhibition, CRCs activate a transcriptional program leading to the expression of enzymes responsible for the conversion of amino acids and fatty acids -the end products of the autophagic cascade -as energy fuel to survive. Indeed, SB202190-treated CRCs also express CPT-1 and MCAD, two enzymes involved in fatty acid catabolism (data not shown).
After p38a inhibition, autophagy is accompanied by G1 arrest (Chiacchiera, Martelli and Simone, unpublished results), probably as an attempt to retain energy to survive. FoxO3A upregulates the transcriptional repressor Bcl-6, which inhibits cyclin D expression, 25 together with the cdk 
inhibitors p21 and p27, and RBL2/p130, finally leading to the transcriptional repression and/or inhibition of downstream proteins involved in the G1/S transition.
Prolonged inactivation of p38a by SB202190 treatment leads to cell death and is accompanied by the increased expression of FoxO target genes encoding for the BH3-only proteins BNIP3L, BNIP3, PUMA and Bim. BNIP3 and BNIP3L proteins localize to the mitochondria and have been shown to play a role in non-apoptotic cell death. 37 Transmission electron microscopy analysis revealed a consistent similarity between SB202190-treated HT29 cells and 293T cells overexpressing BNIP3, with both cell lines displaying heterochromatic nuclei and autophagic features into the cytoplasm. 19, 37 However, autophagic cell death is a controversial phenomenon, simply defined by the presence of autophagic markers in dying cells. 35 Indeed, the effectors and mediators involved in this process are not well established yet. Our earlier morphological and qualitative analysis of SB202190-treated cells showed that dying cells did not present apoptotic features such as nuclear segmentation or DNA fragmentation. 19 In this study, evaluation of SB202190-treated tumor xenografts revealed the presence of expanded areas of necrosis, with no considerable differences in the accumulation of apoptotic nuclear debris between treated and untreated tumors. However, further studies are awaited to precisely characterize the type of cell death induced by p38a blockade in CRCs.
To our knowledge, a direct connection between p38a and FoxO3A has not been reported. Actually, other signaling pathways, such as PI 3 K/Akt and JNK, influence FoxO cellular localization and activity by phosphorylation, and have been reported to cross talk with p38a in a cell type-specific and signal-dependent manner. Indeed, the PI 3 K/Akt cascade cooperates with p38a/b at the chromatin level to regulate muscle-specific gene expression; 10, 15 moreover, in human breast cancer cells p38a/b activate Akt through MAPKAPK2-dependent phosphorylation of serine 473. 38 Conversely, JNK signaling is antagonized in many different ways by p38a, including direct repression of the JNK upstream kinases Grap2/HPK1 and MKK7, in fetal hematopoietic, MEFs, muscle and liver/tumor cells. 13, 16 In this study, we show that AMPK is required for SB202190-dependent nuclear localization of FoxO3A. Although the underlying molecular mechanism remains unclear, pharmacological blockade of AMPK or its genetic ablation by specific RNAi indicate that the activity of this kinase is necessary for the nuclear accumulation of FoxO3A and the subsequent activation of FoxO3A target genes involved in autophagy, metabolism, cell cycle arrest and cell death. It is interesting to note that a recent study describes the direct phosphorylation of FoxO3A by AMPK, with mutations in the phospho-acceptor sites impairing the transcriptional activation, but not the cellular localization, of exogenous FoxO3A in 293 cells. 29 In our experimental model, the nuclear pool of endogenous FoxO3A is both enriched and hyperphosphorylated at serine and threonine residues in response to p38a inhibition in CRCs (Chiacchiera and Simone, unpublished results). However, because of the concomitant modulation of other important signaling pathways, such as p38a itself, Akt and JNK, at this stage a direct mechanism involving the phosphorylation of FoxO3A by AMPK can only be hypothesized.
The three above-mentioned pathways are all known to play a significant role in the regulation of autophagy. The PI 3 K class I enzymes are part of a signaling cascade that negatively regulates autophagy in several cellular systems including CRCs, as confirmed by the positive role in the autophagic process exerted by PTEN, the PI 3 K class I specific phosphatase, in HT29 cells. 39 It is interesting to note that FoxO3A binds to the promoter of and induces PTEN transcription, suggesting the presence of a negative feedback loop that possibly accounts for the time-dependent reduction of Akt phospho-activation and kinase activity observed in SB202190-treated CRCs. The JNK pathway has also been reported to be required for starvation-induced autophagy in cancer cells and for autophagic cell death. 40, 41 The AMPK pathway, which becomes activated when AMP levels overcome those of ATP, is required for autophagy induction in HT29 CRCs. 42 Activated AMPK inhibits ACC, which regulates the formation of fatty acids, and induces CPT-1 activity and b-oxidation with a consequent increase in the ATP/AMP ratio. These findings are in accordance with the gene expression reprograming observed after p38a blockade in CRCs.
Our data confirm the relevance of the energetic metabolism for CRC fate. As a consequence of functional deregulation of critical pathways, endogenous control mechanisms are bypassed and the cells acquire the ability to survive the environmental stress associated with increased growth in unfavorable conditions of nutrients and oxygen shortage. One of the most common adaptation of cancer cells is the constitutive activation of aerobic glycolysis through deregulation of one or more of the sequential steps involved in the glycolytic pathway, although how this metabolic modification actually represents a growth advantage has not yet been understood. This phenomenon, called the 'Warburg effect', is already successfully exploited for diagnosis by positron emission tomography, using the glucose analog tracer 18-flourodeoxyglucose, 43 and renders the cancer-specific metabolism a highly attractive target for cancer therapy.
In this study, we provide evidences in support of the possible development of a therapeutic strategy for colorectal cancer, on the basis of the pharmacological blockade of the p38a pathway, in association with drugs targeted to cancerspecific metabolic pathways and/or autophagy. Indeed, our results show that inhibition of p38a triggers FoxO-dependent transcriptional activation, leading to a striking anti-tumor effect both in cultured cell lines and in in vivo cancer models, such as xenografted nude mice and AOM-treated Apc Min mice, this latter being the most widely used animal model for genetic and sporadic colorectal cancer. The potential use of molecules targeted against p38a is further supported by the fact that several p38a inhibitors are already in clinical trials for inflammatory diseases. 44 Materials and Methods Cell culture, reagents and ATP assay. HT-29 and LS174T cells were maintained in DMEM and RPMI 1640, respectively, supplemented with 10% FBS, avoiding confluence at any time. SB202190 (5-10 mM) was purchased from Calbiochem; propidium iodide, trypan blue, Compound C (5-10 mM) were purchased from Sigma. ATP levels were determined by luciferine-luciferase assay; equal number of SB202190-treated and DMSO control cells were processed Inhibition of colorectal cancer growth in vivo by p38a blockade F Chiacchiera et al using the ATP Bioluminescence Assay kit (Roche) according to standard protocol. Measurements were done in quintuplicate.
In vivo studies. 10 Â 10 6 HT29 or 5 Â 10 6 LS174T cells were injected subcutaneously into the flanks (0.2 ml per flank) of male athymic nude C57BL/6 mice. The volume of the tumors was measured every 2-3 days. Mice were treated daily by i.p. injection of SB202190 or vehicle alone in sterile saline. The treatment started when tumors reached a mean volume of 60 mm 3 . Animals were killed when control tumors reached a mean volume of 650 mm 3 .
Apc
Min mice (4-month-old) were first administered with AOM (Sigma) 14 mg/kg body weight once a week for 4 weeks, then, 1 month later, they were subjected to daily i.p. injections of SB202190 0.05 mmol/kg body weight for 14 days before being killed.
Procedures involving animals and their care were conducted in conformity with the institutional guidelines that are in compliance with national and international laws and policies.
Quantitative real-time PCR. Total RNA was extracted with TRIzol reagent (Invitrogen) following manufacturer's instructions. Samples were then treated with DNAase-1 (Ambion). Total RNA (1-4mg) was retro-transcribed using High Capacity DNA Archive Kit (Applied Biosystem) following manufacturer's instructions. PCRs were carried out in triplicate using the ABI 7500HT machine (Applied Biosystem). For all experiments the following PCR conditions were used: 951C for 10 min, followed by 40 cycles at 951C for 15 s and 601C for 60 s. The quantitative normalization of the cDNA in each sample was carried out using GAPDH and b-actin amplification as internal control. Relative quantification was done using the DDC T method.
Primers sequences are available on request.
Chromatin immunoprecipitation (ChIP) analysis. Chromatin immunoprecipitation analysis was conducted as described earlier. 15 The following antibodies were used: rabbit anti-FoxO3A (Santa Cruz Biotechnology), antiphospho serine 5 RNApolII (H14, Covance) and rabbit anti-LDH (Santa Cruz Biotechnology). Real-time PCRs were carried out using the SybrGreen Master Mix at least thrice using three independent samples. Data reported in figures are values normalized to input DNA and to values from a non-related antibody (anti-LDH), which were set as the background (one unit) in each calculation.
RNA interference. HT-29 cells were seeded in a 30-mm dish and transfected with 100 nM siRNA using RNAiMAX (Invitrogen) following manufacturer's instructions. One siRNA was used for FoxO3A (sequence 5 0 -GACAAUAGC AACAAGUAUA-3 0 ) and AMPK (sequence 5 0 -GAGGAGCUAUUUGAUUA-3 0 ), whereas two different siRNAs were used for p38a (sequences 5 0 -GUGAAAU GUCAGAAGCUUA-3 0 and 5 0 -CCAAAUUCUCCGAGGUCUA-3 0 ). On-TARGET-plus control siRNAs (Thermo Scientific) were used as control sequences.
Nuclear/cytoplasmic fractionation and immunoblot analysis. Nucleocytoplasmic fractionation was carried out using the ProteoExtract subcellular proteome extraction kit (Calbiochem). Immunoblots were carried out according to Cell Signaling's instructions. Briefly, cells were homogenized in 1 Â lysis buffer (50 mM Tris-HCl pH7.4; 5 mM EDTA; 250 mM NaCl and 0.1% Triton X-100) supplemented with protease and phosphatase inhibitors (1 mM PMSF; 1.5 mM pepstatin A; 2 mM leupeptin; 10 mg/ml aprotinin, 5 mM NaF and 1 mM Na 3 VO 4 ). A total of 15-20 mg of protein extracts from each sample were denatured in 5 Â Laemmli sample buffer and used for western blots analysis. Western blots were executed using anti-actin (Sigma), anti-posphoAKT (Ser473), anti-Akt, anti-phosphoAMPK (Thr172), anti-AMPK, anti-p38a, antiphosphoMAPKAPK2 (Thr334), anti-phosphoATF2 (Thr71), anti-HK2 (all from Cell Signaling), anti-Foxo3A, anti-phosphoFoxo3A (Thr32), anti-phosphoFoxo3A (Ser253), anti-JNK, anti-phosphoJNK, anti-p300, anti-BNIP3L, anti-btubulin, anticyclinE, anti-p21, anti-PTEN (all from Santa Cruz Biotechnology), anti-RBL2/p130 (BD transduction), anti-HIF1a (Abcam) and anti-Gaparapl1 (Proteintech Group Inc.). Western blot was developed with the ECL-plus chemiluminescence reagent (GE Healthcare) as per manufacturer's instructions. The densitometric evaluation was carried out by ImageJ software.
Immunofluorescent stainings. Cells were seeded on glass coverslips and after 12 h were treated as indicated. At the end of the treatment cells were fixed in 4% paraformaldehyde and permeabilized using 0.01-0.1% Triton X-100. Coverslips were incubated with the indicated primary antibodies. Secondary antibodies were Alexa Fluor 488 and Alexa Fluor 594 from Invitrogen; nuclei were counterstained using propidium iodide (Sigma). Slides were sealed using Vectashield mounting medium (Vector Laboratories). Images were acquired using a Zeiss LSM-5 Pascal confocal microscopy.
Histology and immunohistochemistry. LS174T-and HT29-derived or AOM-treated Apc
Min mice colorectal tumor specimens were fixed overnight in 10% neutral-buffered formalin, embedded in paraffin, sectioned at 4-mm thickness and stained with hematoxylin and eosin. Additional sections, collected on poly-L-lysinecoated slides, were used for immunohistochemical stains, which were carried out with avidin/biotin-based detection systems. Sections were incubated with antibodies against Ki-67 (Dako), FoxO3A (Abcam), PTEN (Cell Signaling), p21 and PCNA (Santa Cruz), with overnight incubations at 41C.
A summary diagram reporting our findings is shown below. Inhibition of colorectal cancer growth in vivo by p38a blockade F Chiacchiera et al
